We analyse the D + → K − π + semileptonic decay using the effective model, developed to described D → P lν l and D → V lν l decays. The light vector mesons are included into the model which combines the heavy quark effective Lagrangian and the chiral perturbation approach. The nonresonant and resonant contributions are compared. Without introducing any new parameter, we are able to correctly reproduce the measured ratio Γ nonres /Γ nonres+res . We display some potentially useful differential distributions of the nonresonant width. Finally, a similar model, but with a modified current, which satisfies the soft pion theorems, is tested.
I. INTRODUCTION
Recently, a new limit on the nonresonant decay mode D + → K − π + µ + ν µ was reported [1] . It was found that
It is challenging to explain this experimental result, before making predictions for the other (yet unmeasured) D → P 1 P 2 lν l decay modes. The explanations of this problem might also help in our understanding of D → P lν l [2, 3] and D → V lν l data [4, 5] .
There are two main problems in the description of D meson semileptonic decays. The first problem is due to the fact, that the D mesons might not be heavy enough for the successful application of the heavy quark effective theory (HQET) [6] . The second problem is the potentially dangerous application of chiral perturbation theory (CHPT) especially in D → P lν l and D → P 1 P 2 lν l decays, where the light pseudoscalar mesons can have a quite large energy [6, 7, 8, 9] .
In order to explain the semileptonic decay of D mesons we have developed a model [10] , which accommodates the available experimental data within a combination of HQET and the CHPT description of the light meson sector. The experimental data for the semileptonic decays are unfortunately not good enough to clearly determine the q 2 dependence of the form factors. What is known experimentally are some branching ratios, or, equivalently, the relevant form factors at one kinematical point, assuming a pole-type behaviour for all the form factors. The same assumption is used also in many theoretical calculations, for example in [8] , [11] .
In the model [10] , the vertices of the processes considered are assumed not to change considerably away from the zero-recoil point, where they are predicted in the heavy quark limit. However, in the same model one uses the complete propagators for the heavy mesons, instead of the usual HQET propagators. Assuming that such Feynman rules can be approximately applied to the whole available q 2 region, one can explain why some form factors have a pole type behaviour and why others are mainly flat, confirming the predictions of the QCD sum rules analysis [12] . Also, in the region where the heavy meson is nearly on-shell (the region where HQET is applicable) the HQET prescription and [10] almost perfectly overlap, giving in this way a simple and consistent picture. Calculating the decay widths of all measured charm meson semileptonic decays, it was shown, that such a phenomenological model works well.
There exist some theoretical calculations aiming to describe D → Kπ semileptonic decays using the heavy quark effective theory (HQET) [13, 14, 9] . Ref. [13] treats only light pseudoscalars, while for the uderstanding of experimental data one unavoidably needs the inclusion of light vector mesons. The authors of ref. [14] considered resonant and nonresonant contributions, indicating that outside the resonant region both contributions can have the same order of magnitude. However, no predictions were made for the resonant and nonresonant contribution to this decay. It is the aim of the present paper to use the simple and instructive model [10] to calculate the nonresonant width for D + → K − π + semileptonic decay. As we will see, the experimental width is reproduced without introducing any new parameter, which is remarkable, considered the simplicity of the assumputions and the model itself.
The weak current given in the literature does not satisfy the soft pion theorem. In order that the amplitude for D → Kπ semileptonic decay behaves correctly in this limit, we have derived also an alternative current and successfully tested it (there is no need to change the strong Lagrangian, since it automatically satisfies the soft pion constraint).
The paper is organized as follows: in Sec. II we will briefly summarize the strong Lagrangian for heavy and light pseudoscalar and vector mesons, given by the requirements of HQET and chiral symmetry. In Sec. III two different weak currents will be presented: one is commonly used and its form is indicated by HQET; the other is in our knowledge new, and its form is suggested by the soft pion theorems. In section IV the main definitions and equations describing the D meson semileptonic decays will be written down. These equations will be then used in calculating the resonant and nonresonant decay width, as well as some differential widths, which might be useful in future analyses of experimental data. The results and the discussion will be presented in section V. Finally, some comments and a short summary will be given in Sec. VI.
II. THE HQET AND CHPT STRONG LAGRANGIAN
Our strong Lagrangian [10] incorporates both the heavy meson SU(2) spin symmetry [15] , [16] with the SU(3) L × SU(3) R chiral symmetry, spontaneously broken to the diagonal SU(3) V [17] , which can be used for the description of heavy and light pseudoscalar and vector mesons. A similar Lagrangian, but without the light vector octet, was first introduced by Wise [6] , Burdman and Donoghue [9] , and Yan et al. [18] . It was then generalized with the inclusion of light vector mesons in [7] , [19] , [20] .
The light meson sector of the strong Langangian is
where
and Π and ρ are the usual 3 × 3 Hermitian pseudoscalar and vector matrices. f = 130MeV is the pseudoscalar decay constant, and where g V = 5.9 is given by the values of the vector masses. Both the heavy pseudoscalar and the heavy vector mesons are incorporated in the 4 × 4 matrix
where a = 1, 2, 3 is the SU(3) V index of the light flavours, and P * aµ and D a annihilate a spin 1 and spin 0 heavy meson cq a of velocity v, respectively. They have a mass dimension 3/2 instead of the usual 1, so that the Lagrangian is explicitly mass independent in the heavy quark limit m c → ∞.
, we can write the leading order strong Lagrangian as
This Lagrangian contains two unknown parameters, g and β, which are not determined by symmetry arguments, and must be determined empirically. As we will see, only the parameter g will be relevant in studying our decays. The Lagrangian (7) is the most general even-parity Lagrangian in leading order of the heavy quark mass (m Q → ∞) and chiral symmetry limit (m q → 0 and the minimal number of derivatives).
We will also need the odd-parity Lagrangian for the heavy meson sector. The lowest order contribution to this Lagrangian is given by
The parameter λ is free, but we know that this term is of the order 1/Λ χ with Λ χ being the chiral perturbation theory scale.
III. THE WEAK LAGRANGIAN
The weak Lagrangian for the Cabibbo allowed D meson semileptonic decays is given at the quark level by
where G F = 1.17 × 10 −5 GeV −2 is the Fermi constant and V cs = 0.974 is the relevant Kobayashi-Maskawa matrix element.
Of course, as usual, we have to interpret the quark current in terms of meson fields. We will present two different models for the weak part of the Lagrangian.
A) In the first approach we assume that the weak current transforms as (3 L , 1 R ) under chiral SU(3) L ×SU(3) R and is linear in the heavy meson field. Using HQET one can write down the most general weak current contributing to D meson semileptonic decays to leading order in 1/M and up to the next to leading order in the chiral expansion as
The first term in (10), i.e. the one proportional to
, while the rest is O(E) [10] .
(B) The second approach is not derived from HQET assumptions, but it has a nice feature, that satisfies the soft pion theorem, which was violated in the previous case. Up to order O(E) in the chiral expansion the current relevant for D meson semileptonic decays is
Contrary to the HQET expression for the weak current (10), we allow in (13) also the derivatives of the heavy field. The fields D and D * λ in (13) are treated as usual (not HQET) fields, but still with an unusual mass dimension 3/2. For example, the annihilation part of D is proportional to e −im D v.x P , (compare with (6)).
IV. THE FORM FACTORS AND DECAY WIDTHS
The D + meson differential semileptonic decay width is equal to [13] 
where θ K is the angle between the kaon three-momentum in the Kπ rest frame and the line of flight of the Kπ center of mass in the D rest frame, and
The integration domain of (14) is given by | cos (14) are divided in a resonant and a nonresonant part:
The division (18) is not arbitrary, since we want to have the usual definition for the resonant D + →K * 0 → K − π + decay width:
where Γ(s Kπ ) is the totalK * 0 decay width (the partial decay width ofK
and the helicity amplitudes for D + →K * 0 semileptonic decay are
with the corresponding form factors [10]
In the zero width approximation (Γ K * → 0) eq. (19) tends toward the usual expression for the D + →K * 0 decay, see for example [10] . The unknown parameters in (23)-(25) are given for both model A and B on Tab. 1).
In order to get such an expression for the resonant D + differential decay width, one has to define the resonant D
where, as usual, the replacement
in the denominator must still be done.
In the next chapter we will find it easier to write the analytic expression for the amplitude through the form factors w + , w − and h, which are defined by
The form factor r does not contribute to the decay width in the zero lepton mass limit, so we will not consider it any more. The other three form factors are connected with the previous ones by
The strategy is then clear: first one calculates all (also those with intermediateK * 0 ) the leading order contributions to the decay D + → K − π + , i.e the form factors (30). Next one calculates the (resonant plus nonresonant) form factors F i using (31)-(33). Knowing the resonant contribution (26)- (28) it is then simple to extract from (18) the nonresonant part. Finally, being the width equal to the sum of resonant width and nonresonant width, one defines the last one simply by
(34) To notice that the nonresonant width is given not only by the nonresonant amplitude, but also by the mixed, interference term (last row in (34)).
Of course one could equivalently calculate the nonresonant width simply by taking the difference between the total width (14) and the resonant one (19) . However, apart from being the described procedure numerically more stable, one can be explicitly interested also in some specific details (for example the contribution of the interference term in (34)), in which case the knowledge of the nonresonant amplitudes is welcome.
V. RESULTS AND DISCUSSION
For the calculation of the Feynman diagrams we use the strong Lagrangian described in chapter II and the weak Lagrangian from chapter III for both currents A and B. As briefly summarized in the introduction and discussed in detail in [10] , we use the vertices as given by our Lagrangian, assuming that they do not change drastically away from the maximum recoil, where the HQET is applicable. We use however the full form of our heavy meson propagators, instead of the HQET ones. Moreover, we used
The nonresonant form factors are found to be
where the coefficients f i are given in Table 1 . The above expressions of course agree with Wise et al. [13] , once we take into account the off-shell differences between our phenomenological approach and the exact HQET one of [13] , as explained above. In deriving (35)-(37) and in the following the formal relation 5.9 = g V = m K * /(f K f π ) is used for simplicity. This relation is numerically not perfectly satisfied; however, the slight difference does not change our conclusions. In the soft pion limit, when m π → 0 and p π → 0, the relation
should be satisfied [21] . Summing (35) and (36) we see, that the correct soft pion limit is obtained only in model B, where f Table 1 ), but not in model A.
This was for us the main reason to study model B. It introduces a new parameter, f 1 , which makes the soft pion limit correct.
Let us now present the results of model A and B separately.
(A) In [10] the parameters λ, α 1 and α 2 were fitted to correctly reproduce the D + →K * 0 decay. In the same reference it was found, that the decay mode D 0 → K − fixes the parameters g. Due to the nonlinearity of the equations involved, there are 8 possible sets for these 4 parameters. We have calculated the ratio Γ(nonres)/[Γ(res) + Γ(nonres)] for all 8 possible sets, the results given in Table 2 . To get them, we have used the same values for the decay constants as in [10] , namely f D = f D * = (0.24 ± 0.05) GeV, f Ds = f Ds * = (0.27 ± 0.05) GeV [22] - [23] and m D = 1.87 GeV, m D * = 2.01 GeV , m Ds * = 2.11 GeV [24] .
We see from Table 2 , that all the combinations of the allowed values of the input parameters predict a ratio R, which is consistent with the experimental R exp = (8.3 ± 2.9)%. The errors quoted are due to the errors in the model parameters, previously determined from Dl3 decays [10] , and not due to the uncertainty in the model considered, which is actually tested. Unfortunaletly, due to large experimental errors one cannot get more informations about the parameters of the model. However, the fact that we are able to correctly predict (even if with large errors) the nonresonant contribution to D + → K − π + semileptonic decay is remarkable. In fact one should not forget the simplicity of our assumptions and of our model. The results of our calculation give another evidence for our model to work well.
Of course this is not conclusive, since one could explain the above results as well simply by assuming, that the Dl4 decay is actually very much dependent on the Dl3 decay. In this way, after fitting the parameters in Dl3 decays [10] , one is left with not much space for possible Dl4 decay width. Stated differently, if there is at least an approximate model independent relation between the Dl4 and the Dl3 decay modes, then our conclusions would not mean much for our model. However, from our knowledge, such a relation is not likely to exist, so we will not speculate any more on it.
One could worry about the validity of our conclusions, since the model assumed uses chiral perturbation theory at leading order even for very large center of mass energies of the Kπ system (up to the D meson mass!). However, the phase space definitely privileges smaller energies (for example, 80% of the total phase space is accumulated for √ s Kπ < 1.2 GeV). It means that whatever "reasonable" approximation one takes for the form factors in the region of high √ s Kπ , the result for the decay width does not change drastically. So, our tree order approximation, even if expected to be a bad one for large energies, is actually quite harmless, since it operates in a not very sensitive region of the phase space. To see that indeed the nonresonant part does not get (in our model) large contribution from high values of √ s Kπ , let us have a look to the distribution d(log Γ nr )/ds Kπ . The logarithmic distribution reduces the uncertainties due to different choices of the input parameters. As an example we show on Fig.  1 such a distribution, taking as inputs the mean values of the parameters displayed in the 5 th row on Table 2 , which predict a value of R close to the mean value for R exp . On Fig. 1 three curves are displayed: the dashed line is the contribution of the nonresonant amplitude squared (the penultime line in (34)), the dotted line is the contribution of the mixed resonance-nonresonance interferece term (last line in (34)), while the full line is the sum of the previous two (the full (34)). It is clearly seen, that the nonresonant contribution to the decay width decreases considerably at large s Kπ . Also, integrating the curves on Fig. 1 , we notice that almost 80% of the full nonresonant contribution is given by the nonresonant amplitude square, while only an approximately 20% is given by the resonant-nonresonant interference term. Fig. 1 is a prediction of our model, which will be hopefully tested in future experiments.
There is another distribution that could be eventually interesting to compare with experiment. It is the distribution over the charged lepton energy in the D + system,
where θ l is the angle between the charged lepton three-momentum in the lepton pair center of mass system and the direction of the lepton pair center of mass in the D + frame. In general, the distribution over E l is defined as
with [13] 
In (40) the integration region is defined as in (34), but with an additional constraint | cos θ l | < 1 with cos θ l given by (39). The domain for E l is 0
. Again, in order to avoid some systematic errors, the logarithmic distribution (dΓ nr /dE l )/Γ nr is preferred. On Fig. 2 this distribution is given by the solid line. The contribution of the nonresonant amplitude squared divided by the full nonresonant width is given by the dashed line, while the dotted line describes the interference between the resonant and nonresonant amplitude.
(B) The model inspired by the soft pion theorems and defined by the current (13) gives the same form of the nonresonant amplitudes (35-37), but now with a different intepretation of some parameters involved, see Table 1 .
Of course, the parameters f 2 and f 3 are equivalent to α 1 and α 2 and are given, together with the parameter λ, by the D + →K * 0 semileptonic decay, as it was the case in model (A). However, there is now a new parameter, f and g (to be compared with case (A), where f
give the parameter g). The relevant form factor for this decay is in fact equal to
The decay width is then given [10] by
After fixing a relation between the parameters g and f ′ 1 through Dl3 decay, one can then fit the remaining parameter from the non-resonant Dl4. There are however eight different predictions for the non-resonant Dl4 decay: the four possible sets of parameters λ, α 1 and α 2 , for either of the two possible relations between g and f ′ 1 . In fact, from (43) and (42) we have schematically
Labelling from 1 to 4 the first four sets as given by the second, third and fourth column on Table 2 with g = g − and from 5 to 8 the same sets for λ, α 1 and α 2 but with g = g + , we can see their predictions as functions of f ′ 1 on Fig. 3 . Clearly, the experimental limits (R exp ) min and (R exp ) max are too far apart from each other to be able to select among the possible curves and to determine the model parameter f ′ 1 (and through (44) also g). We are however able to say, that also model (B) is compatible with the available experimental data, as it was the case with model (A). Further precision is needed to make more conclusive statements.
VI. CONCLUSIONS
We have used the effective model developed in [10] to calculate the nonresonant contribution to the D + → K − π + semileptonic decay. The result agrees with the experimental data, giving more support to the model considered. More precise experimental data are however desired in order to reduce the errors and further test the theoretical assumptions (HQET+CHPT vertices, but complete heavy meson propagator).
We have predicted also the logarithmic distributions of the nonresonant width over the K − π center-of-mass energy and over the charged lepton energy. Both of them will be hopefully checked in future experiments.
Since the developed method does not exactly obey the soft pion theorems, a slightly changed model with one parameter more has been introduced and tested. The predictions of this model are also in agreement with the experimental data. Due to large errors we are however unable to differentiate between the two models considered. Table 2 :
The predictions for the ratio R = Γ nr /(Γ r + Γ nr ) in D + → K − π + l + ν l decay for all the values of input parameters. The result must be compared to the experimental ratio R exp = (8.3 ± 2.9)%.
FIGURE CAPTIONS

FIG. 1:
The distribution of the various terms connected with the nonresonant width over the K − π centre of mass invariant energy squared. The dashed line denotes the term given by the square of the non-resonant amplitude (nr −nr), the dotted line is the interference of the resonant and non-resonant amplitudes (r − nr), while the full line gives the sum of the two (nr − nr) + (r − nr).
FIG. 2:
The distribution of the various terms connected with the nonresonant width over the charged lepton energy in the D meson reference frame. The dashed line denotes the term given by the square of the non-resonant amplitude (nr − nr), the dotted line is the interference of the resonant and non-resonant amplitudes (r − nr), while the full line gives the sum of the two (nr − nr) + (r − nr). 
